INTRODUCTION
Mangrove forests are often found in close proximity to coral reefs and reef-associated habitats in tropical seas. In coastal cays and lagoons, mangroves often grow on unconsolidated reef sediments and coral terraces that have risen above mean sea level (Woodroffe 2002 , Bird 2008 . Mangrove forests can also facilitate seaward development of coral reefs by maintaining water clarity and by enhancing deposition of fine particles. Thus, the development of mangrove forests is often intertwined with the environmental history of coral reefs, and vice versa. Such interrelationships are most evident where degradation of the coastal environment is accelerating, such as throughout Southeast Asia. In Indonesia, as in other regional countries, increased deforestation and coastal development has led to enhanced land erosion and subsequent transport of catchment soils to the coastal zone (Minura 2006) ; sedimentation has increased since the 1970s to the extent that fringing reefs are disappearing, leading to colonization of the recently deposited soil drapes by mangroves and seagrass beds (Budiman et al. 1986 , Yulianto et al. 2004 , Alongi et al. 2008 , Sekiguchi & Aksornkoae 2008 .
Coastal degradation has led to a severe decline in the distribution and health of coral reefs along Indonesian shores (Rice 1991 , Tomascik et al. 1997 . Recent studies indicate that 6% of Indonesia's reefs are in excellent condition, but the remainder are in various ABSTRACT: Smothering of many fringing coral reefs in Indonesia has led to mangrove colonization of the overlying soils in a process of human-induced succession. On the islands of Sulawesi and Sumatra, we measured some structural and functional attributes of 4 mangrove forests that have colonized such soil drapes. The forests varied extensively in stem density, above-ground biomass, and in leaf area index. We estimated accumulation rates of above-ground forest biomass of 1.5 to 8.1 t C ha -1 yr -1
, similar to other mangroves. The ratio of greenhouse C and N emissions from soils averaged 35 compared with an average soil C:N ratio of 38. Soil ammonification was sufficient to meet forest N demand. A value of 1 to 4% of soil C metabolism was involved in dissolving carbonate, with sulfate reduction being the major decomposition pathway. Rapid rates of N 2 loss were measured, but there was no detectable N 2 O release. Rates of nitrogen fixation on the soil surface ranged from 97 to 1648 µmol N m -2 d ) were measured on microbial mats covering pneumatophores, suggesting N 2 fixation on above-ground tree parts may balance soil N 2 losses. Rates of forest biomass accumulation related exponentially to rates of soil C and N metabolism, reflecting a close relationship between tree growth and nutrient availability as mediated by microbes in these shallow soils. These patterns are similar to those in other mangrove forests, and illustrate that human-induced change has resulted in a clear shift from reef-dominated to mangrovedominated habitats and functional characteristics in parts of coastal Indonesia.
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Resale or republication not permitted without written consent of the publisher stages of degradation (Nontji 2000 , Tun et al. 2004 , Sekiguchi & Aksornkoae 2008 . Indonesia also houses the world's largest expanse of mangrove forest (~2 930 000 ha), but has experienced an inexorable decline in forest area (FAO 2003) . Mangroves, however, are adaptable and resilient to dynamic shoreline change caused by increased sedimentation due to changes in land use (Alongi 2008) ; mangroves have undergone almost continual disturbance as a result of fluctuations in sea level over the last few thousand years (Woodroffe 2002 , Bird 2008 . In the face of environmental change, mangroves shift their shoreline position, readily colonizing newly deposited sediments. Although the colonization of soil drapes by mangroves has been documented in Indonesia (Budiman et al. 1986 , Sekiguchi & Aksornkoae 2008 , the structural and functional characteristics of these forests are unknown.
A study was conducted on 4 such reef-associated mangroves on Sumatra and Sulawesi in Indonesia to answer the following questions: (1) What is the species composition, above-ground biomass, and leaf-area index of these forests? (2) What are the rates of forest biomass accumulation as estimated from the date of initial smothering and subsequent colonization? (3) Do estimated rates of forest growth relate to rates of soil metabolism and nutrient availability?
MATERIALS AND METHODS
Study sites. The study was conducted during the dry season (August 2006) and wet season (March 2007) in Hurun Bay on the island of Sumatra and in Awerange Bay on the island of Sulawesi, Indonesia. Hurun Bay is located in Lampung Regency on the northwest coast of the Gulf of Lampung in southern Sumatra (Fig. 1A) . The bay is horseshoe shaped and 1.5 km 2 in area with a 1.8 m tidal range. Mean depth is 12 m, but the bay is lined with extensive mudflats and mangroves that overlie coral reefs smothered by runoff accelerated by catchment erosion beginning in the 1970s; under the most landward mangroves lies coral rock, which is a Fig. 1 . Chart showing (A) the location of 3 mangrove forests (Stns HBA, HBR, HBS) in Hurun Bay in the Gulf of Lampung, southeastern Sumatra, (B) 1 mangrove forest (Stn AWM) in Awerange Bay along the southwestern coast of Sulawesi, Indonesia, and (C) an overview of the area. Light gray area in (A) is mudflat and dark gray area is mangrove forest reefs of Hurun Bay started dying in the late-1970s due to eutrophication from adjacent aquaculture ponds, but it was not until massive sheet erosion occurred during the wet season of 1977 that these reefs were smothered; mangrove seedlings subsequently appeared in early 1978. At Stn HBS, at the edge of the bay, the reefs were not smothered, but died in 1974 due to eutrophication from effluent from the BBL laboratory, and it was during that year that seedlings first appeared. Likewise, in Awarange Bay on Sulawesi, the fringing reefs died as a result of runoff from aquaculture effluent, with subsequent establishment of mangroves beginning in 1981 (Dr. Taufik Ahmed, Research Institute for Aquaculture, Maros). Forest structure, biomass, and leaf area index. Forest measurements were made in 2006. Within each forest, 3 separate sets of measurements were made for species identification, basal area, and diameter at breast height (DBH) using the angle count cruising method (Cintron & Novelli 1984 , Clough 1997 . These data were used to calculate stem density, which, in turn, was used to estimate above-ground biomass using the allometric relationships for each species in Clough & Scott (1989) and Clough et al. (1997) .
Within these same plots, measurements of light absorption by the forest canopy (100 to 250 light readings per plot on sunny days between 10:00 and 14:00 h) were taken to estimate canopy cover and leaf area index (LAI) using the formula: LAI = [log e (I) mean ] -[log e (I 0 ) mean ] ͞-k where (I) mean is the mean photosynthetically active radiation (PAR) under the canopy, (I 0 ) mean is incident PAR, and k is the canopy light extinction coefficient (0.5). LAI was corrected to a solar zenith angle (θ) of 4°and 5°latitude for Sulawesi and Sumatra, respectively.
The extent of tidal inundation was assessed at each site using the stake method described in Clough (1997) .
Field sampling and soil analysis. Solid-phase elements were measured from cores taken only during the dry season. pH was measured in both seasons. Soil samples were taken within each triplicate plot in each of the 4 forests at low tide using a hand-held, 1.5 m long, stainless steel corer (7 cm i.d.). pH was measured sequentially immediately after the core was extruded using a calibrated Model PBFC pH electrode connected to a TPS LC 80 meter. Further cores were taken to the depth of maximum penetration at each site. Subsamples were taken at 2 cm intervals, frozen, and, on return to the laboratory, wet and dry weighed to determine water content. They were then ground to a fine powder for determination of total C and total N on a Perkin-Elmer 2400 CHNS/O Series II Analyzer and for total organic carbon on a Shimadzu TOC Analyzer with a solid sampler after gentle acid treatment to remove carbonates. Total P, Fe, Ca, and Mn were determined after strong acid digestion on a Varian Liberty inductively coupled atomic emission spectrometer following procedures of Loring & Rantala (1992) . Total inorganic carbon was assumed to be CaCO 3 , as determined by the difference between the total carbon (TC) and total organic carbon (TOC) concentrations.
Sulfate reduction. Rates of sulfate reduction were measured from triplicate 2.7 cm diameter plastic cores taken to the depth of maximum penetration. The cores were capped at both ends and injected at 1 cm intervals with carrier-free 35 SO 4 . The samples were then incubated for 9 to 18 h, and then terminated by fixing soils in 20% zinc acetate. Samples were then frozen until a 2-step distillation procedure (Fossing & Jorgensen 1989) was performed to determine the fraction of reduced radiolabel shunted into the acid-volatile sulfide (AVS) and chromium-reducible (CRS) sulfur pools.
Solute fluxes across the soil-water interface. Fluxes of DIC, Ca, Fe, Mn, H 2 S, and O 2 across the soil-water interface were measured from 3 opaque chambers (volume = 1 l; area = 82 cm -, and PO 4 3 -were measured in 3 clear chambers over 4 to 6 h. Samples for solutes were taken hourly. The chambers were incubated under shade cloth in a running seawater bath to maintain ambient seawater temperature. Each chamber had a propeller-electric motor unit and 2 sampling ports on opposite sides of the chamber (Alongi et al. 2006) . Dissolved oxygen was measured using an O 2 probe (TPS Model WP-82 DO meters) placed into 1 sampling port; the other port was fitted with acid-washed Teflon tubing to draw off 10 ml samples for dissolved inorganic carbon (DIC) and other solutes. The solutes were filtered (0.45 µm Minisart filters) and kept cool and dark (DIC) or frozen (inorganic nutrients) until analysis. Concentrations of dissolved inorganic nutrients were determined using automated techniques (Ryle et al. 1981 , Ryle & Wellington 1982 . DIC and H 2 S were determined using the procedure of Hall & Aller (1992) to measure DIC and that of Lustwerk & Burdige (1995) to measure DIC in the presence of H 2 S. The concentration of H 2 S was estimated by the difference between these 2 values. Dissolved Ca, Fe, and Mn were measured on the Varian ICP-MS.
Net DIC, Fe, Mn, and NH 4 + production in soil incubations. Rates of net DIC, Fe, Mn, and NH 4 + production in soil were measured by incubating 2 sets of triplicate soil cores taken at low tide from each plot (Alongi et al. 2006) . One set of cores was sliced immediately at 2 cm intervals and porewater for measurement of Fe, Mn, and DIC was collected by centrifugation. To the soil samples, 1 to 5 ml (depending on soil volume) of 1 M KCl was added and mixed into each sample. After 2 h, the samples were centrifuged to obtain porewater that was filtered (0.45 µm) and placed into sterile plastic test tubes and frozen until measurement of total extractable NH 4 + . Soil from the other set of cores was mixed, with sub-samples placed in opaque glass bottles that were hermetically sealed and then incubated at in situ temperature for 6 d. After incubation, the samples were processed identically to the other set of cores. After filtration, concentrations of NH 4 + , DIC, Fe, and Mn were determined as described earlier.
Gas fluxes. Fluxes of CO 2 and O 2 across the soil-air interface were measured in 3 opaque chambers (identical to those used for solute fluxes) taken from each site at low tide. A stream of airflow was maintained by the propeller unit to minimize gas build up. The chambers were incubated in a shaded water bath maintained at ambient seawater temperature. Water was up to, but not over, the soil surface in each chamber. Gas samples were obtained by extracting gas headspace samples using a syringe and needle via a port fitted with a gastight septum. Gas analyses were carried out on gas chromatographs fitted with TCD detectors (MTI Analytical Instruments P200 fitted with Poraplot Q and Molesieve 5A columns and a Hewlett-Packard M Series Micro GC Model G2890A fitted with Porapak U and Molesieve 5A columns). Certified gas standards were injected at regular intervals for calibrations and confirmation of peak identification. All gas measurements were made every 30 min for as long as a linear change was detected (~3 h).
Denitrification (+ potential ammonium oxidation) was measured from replicate soil samples using the N 2 -gas flux technique (Nowicki 1994) . Fluxes of CO 2 , CH 4 , and N 2 O were measured in the same chambers. Open-ended bottles were carefully pushed 8 to 10 cm into the soil (volume = 385 cm 3 ), and samples were kept at ambient temperature in an aerated running seawater bath after return to the laboratory. Any obvious surface fauna was removed with forceps before each sample was extruded into a gas-tight glass chamber (height = 23.5 cm; i.d. = 7.6 cm). Soils in each chamber were covered with seawater sparged with either 80% He/20% O 2 mixture (4 experimental chambers per site) or 100% He (2 or 3 control chambers per site) to remove N 2 and, in the case of the experimental cores, to maintain dissolved O 2 concentrations. The overlying water in each sealed chamber was stirred continuously. All chambers were incubated for 7 d in the dark at ambient temperature.
In the experimental chambers, the gas phase was flushed every 8 h for the first 2 d with a 80% He/20% O 2 mixture, and again immediately after the water overlying the soils was replaced on Day 3. The control chambers were treated similarly, but incubated under anoxic conditions (He only in gas flushes and He purged low-N 2 seawater on Day 3) to block nitrification and denitrification. Background de-gassing of N 2 in the control chambers was subtracted from the total N 2 flux measured in the experimental chambers to derive the rate of N 2 flux due to denitrification + possible NH 4 + oxidation (Nowicki 1994) . N 2 flux rates were calculated as the average rate of triplicate cores from each site, from 3 or 4 individual 24 h incubation periods. CH 4 , CO 2 , and N 2 O accumulation rates in the gas headspaces were considered de novo synthesis and were calculated as the average rate of triplicate cores from each station using oxic chambers only.
Nitrogen fixation. Nitrogen fixation in soils from each plot was measured in 3 or 4 opaque and clear chambers using the acetylene reduction technique (Capone 1993) . Samples were taken by inserting openended chambers (surface area = 64 cm 2 ) into the soil to a depth of 5 cm. The chambers and soil plugs were then gently withdrawn with minimal disturbance. The bases of the chambers were sealed with PVC caps containing an inert rubber plate. A 10% acetylene/air mixture was created (soil volume = 320 cm 3 ), added in the water phase, and the headspace was sampled immediately and at 3 h intervals, with a final sampling at 20 h. Acetylene and ethylene were analyzed simultaneously by gas chromatography. The ethylene rates were converted to rates of N 2 fixation using the theoretical factor of 3 C 2 H 2 molecules equalling 1 N molecule (Capone 1993) .
Statistics. Differences in forest and soil parameters were tested using either 1-way (site), 2-way (site × depth), or 3-way (site × depth × season) ANOVA (Sokal & Rohlf 1995) followed by Ryan's Q-test (Day & Quinn 1989) for multiple comparisons when significant main effects were found. Data from replicate plots were pooled if differences among plots were not significant. If necessary, data were square-root transformed. Flux rates were determined by least-squares regression, and relationships among variables were explored using best-fit regression analysis. Results were compared at the 5% level of significance.
RESULTS

Forest structure, biomass, and LAI
The Avicennia marina-dominated forest (Stn HBA) was the most dense and composed of the smallest (by DBH) trees (Table 1) . Stn HBR was composed of larger, but less dense, Rhizophora stylosa. Both forests had similar canopy cover, LAI, and above-ground biomass. Stn HBS was composed of the largest trees in Hurun Bay with an above-ground biomass of 260 t dry weight (DW) ha -1 and the highest LAI, despite occupying a thin (5 to 10 cm) veneer of unconsolidated carbonate sand above the coral (Table 1) . Stn AWM, composed mostly of large (DBH = 14.1 cm) Sonneratia caseolaris and S. lanceolata, was of similar biomass to Stns HBA and HBR, but was a less dense stand with the lowest mean LAI (Table 1) .
Edaphic characteristics
Soils were acidic at Stns HBA, HBR, and AWM, especially below the upper 5 cm, with pH ranging from ≥ 7.0 at the surface at Stn HBR to 6.4 at the soil-coral interface at Stn HBS (Fig. 2) . Porewater H 2 S concentrations were highest at Stn HBS, with lower concentrations at Stns HBA, HBR, and AWM (Table 2) .
Stns HBR and AWM had the highest soil concentrations of TC, TOC, and TN (Table 2) , with no clear trend with soil depth (data not shown). Total P concentrations were higher at Stns AWM and HBA than in the other 2 forests. Total Fe concentrations were highest at Stn HBA, with significantly lower concentrations at Stns HBR, AWM, and HBS. Total Mn concentrations were equivalent at Stns HBR and AWM and significantly less at Stns HBA and HBS; at Stns HBA, HBR, and AWM, concentrations of both metals declined significantly with increasing soil depth (data not shown). At Stns HBA, HBR, and AWM, concentrations of total Ca increased with increasing soil depth (Fig. 3) ; at Stn HBS, Ca concentrations were 31.1 and 35% soil DW at the surface and in the 5 to 10 cm soil horizon, respectively. On average, site differences in Ca concentrations were: HBS > AWM > HBR = HBA.
Sulfate reduction and net Fe and Mn release
Seasonal differences in rates of sulfate reduction were not significant. In the dry season, differences among sites were: AWM = HBA > HBS > HBR (Table 3 ). In the wet season, site differences were: AWM = HBS > HBR = HBA ( Table 2 . Concentrations (% soil dry weight, mean ± SE) at the 4 mangrove forests of solid-phase total carbon (TC), total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), molar C:N:P ratios, total iron (Fe), total manganese (Mn), and total dissolved H 2 S (in mM) in soil sampled in 2006. Values are averages of the entire soil column overlying solid coral covered in the AVS fraction (H 2 S, FeS) increased among sites in the following order: HBA < HBR < HBS < AWM (Table 3) . Rates of sulfate reduction declined significantly with soil depth at Stn HBR (Fig. 4) ; depth differences were variable at the other 3 sites.
Rates of net Fe and Mn release from incubated soils showed depth-related declines (Fig. 5) at Stns HBA and HBR. There were no measurable rates of metal release in the other 2 forests.
Carbon dioxide and O 2 fluxes
Rates of CO 2 release from exposed soils ranged from 22.7 to 154.5 mmol m -2 d -1 , and, from inundated soils, rates were significantly less, ranging from 4.1 to 23.5 mmol m -2 d -1 (Table 4) ; seasonal differences among sites were inconsistent. In the dry season, CO 2 gas release from exposed soils was highest at Stn AWM, with lower rates at Stns HBA > HBR = HBS. In the wet season, CO 2 gas fluxes from exposed soils were highest at Stn HBA, followed by Stns AWM > HBS = HBR. CO 2 release from inundated soils was significantly greater at Stn HBA in the dry season, with lowest fluxes in the wet season at Stn HBS (Table 4) (Table 4 ). In the dry season, site differences were: Stns AWM > HBA > HBS = HBR. In the wet season, site differences were: Stns HBA > HBR = AWM > HBS (Table 4) .
Rates of DIC and DO flux were in most cases lower from submerged than from exposed soils, e.g. for CO 2 : HBR (2007) Table 4 ). There were site differences in 2006: Stns HBS > HBR > HBA > AWM. In the 2007 wet season, site differences were: Stns HBS = HBR > AWM = HBA. At all sites, rates of DIC release declined significantly with increasing soil depth (data not shown).
Rates of dissolved nutrient, Ca, and H 2 S flux
Rates of NH 4 + and NO 2 -+ NO 3 -flux (Table 5) were not significant in the wet season in 3 of the 4 forests, but were measurable at Stn AWM, where, in both seasons, fluxes were out of the soil. Fluxes of NH 4 + , NO 2 -+ NO 3 -, and PO 4 3 -at the other sites were into the soil on 9 of 12 occasions (Table 5 ). H 2 S efflux was measurable in the dry season only at Stn HBS, but was measurable in all 4 forests in the wet season, with lowest rates at Stn HBR (Table 5) , with highest rates at Stn AWM (Table 5) .
Methane release
Rates of CH 4 release (Table 6) , with highest mean rates at Stn HBS. In the dry season, site differences were: Stns HBS = AWM = HBA > HBR and, in the wet season, the differences were: Stns HBS > AWM > HBR = HBA.
Nitrogen metabolism
Rates of net NH 4 + release (as total nitrogen mineralization; Table 7 ) over the entire soil column were measured only in the wet season, and were highest at Stn HBS, followed by Stn AWM, with significantly lower rates at Stns HBA and HBR. At Stns HBA and AWM, ammonification rates declined with increasing soil depth. At Stns HBR and AWM, rates either increased with soil depth or showed no clear change (Fig. 6) .
Rates of N 2 release (Table 6) . In the dry season, rates at Stn HBA were highly variable and not significantly different from those at the other 3 sites, where rates were lowest at Stn HBS. In the wet season, highest rates were measured at Stn AWM; Stn HBS exhibited the lowest rates among the other 3 forests.
Rates of nitrogen fixation were measured only at Stn AWM in 2006. N 2 fixation rates were higher rates on Sonneratia pneumatophores than in surface soils in both seasons (Table 6 ). The soil rates at Stn AWM were significantly higher than rates measured in surface soils at the other 3 forests in 2006. , mean ± SE) of dissolved inorganic carbon (DIC) release from tidally inundated chambers (DIC flux), DIC release from core incubations (DIC core), gaseous CO 2 release from air-exposed soil in chambers (CO 2 gas exposed) and in inundated chambers (CO 2 gas inundated), gaseous O 2 consumption from air-exposed soil in chambers (O 2 gas exposed), and dissolved O 2 flux from tidally inundated soil in darkened chambers (O 2 diss) at the forest sites
DISCUSSION
Forest -microbe-soil interrelations
Mangrove forests are replacing many fringing coral reefs killed by enhanced runoff along stretches of the Sulawesi and Sumatran coasts. An accurate estimate of the areal extent of this change is not available, but large tracts of Indonesia's coastline have succumbed to increased anthropogenic pressures and the loss of a large fraction (~70%; Tun et al. 2004 ) of the archipelago's fringing reefs to enhanced sedimentation and nutrient levels. Although mangrove losses continue unabated on some islands -mostly for shrimp pond construction and other infrastructure development -their decline has not been as severe as for coral reefs due to greater resilience and their ability to readily colonize newly formed soil drapes derived from land erosion (Budiman et al. 1986 ). Like terrestrial trees breaking up pavement, we observed evidence of mangroves in the process of breaking apart the coral framework by infiltration and growth of shallow roots, including prop roots and pneumatophores.
Dividing the above-ground biomass(Table1) by the known ages of initial colonization (see 'Materials and methods') gives estimates of biomass accumulation for these forests of 1.9, 1.5, 8.1, and 2.4 t C ha -1 yr -1 for Stns HBA, HBR, HBS, and AWM. These rates of accumulation are within the range of values obtained for other mangrove forests (Clough 1998 , Komiyama et al. 2008 ). Comparing these rates of biomass accumulation with rates of soil metabolism (Fig. 7) , there are significant exponential relationships of mangrove growth with soil carbon and oxygen metabolism, ammonification, and methane flux. Mangrovemicrobe-soil relationships are usually closely linked, driven by high nutrient and water requirements needed to fuel rapid rates of tree photosynthesis (Alongi 2005) . These relationships are exponential because of the high level of growth and mineralization at Stn HBS, which has been receiving aquaculture effluent from the BBL laboratory since the 1970s (see 'Materials and methods: Study sites'). If this forest had remained unpolluted, the forest growth to microbial mineralization statistical relationships may have been linear instead of exponential, but metabolic activities in these soils may, in any case, become limiting either by essential micronutrients, cellular/metabolic constraints, and/or by feedback from physicochemical conditions, such as build up of potentially toxic metabolites. Further constraints may include limitation of gas exchange, for instance, the diffusive exchange of -100 ± 50 -20 ± 10 -70 ± 30 6100 ± 390 2375 ± 500 ) of total nitrogen mineralization (TNM) and molar C:N ratios using total carbon mineralization estimated from dissolved inorganic carbon (DIC) fluxes and O 2 fluxes (Table 4) being dependent on the p CO 2 gradient across the film of water over the soil surface, which can be diminished under stagnant conditions in the air layer above the soil.
The relationship between mangrove biomass accumulation and soil metabolism is usually not as clear cut, even in correlative analyses (Alongi, 2005) , but in these Indonesian forests the relationship may be particularly intense, especially at Stn HBS, where the unconsolidated soil is a thin veneer, restricting the bulk of fine root development (D. Alongi pers. obs.) and soil metabolism to the near-surface layers receiving aquaculture effluent. A similar situation exists at Stn AWM, where the soil depth varies spatially, but is often no more than 1 to 2 cm thick in many areas within the forest. The forests may have also acquired nutrients via roots that have penetrated the coral rock, although this possibility was not explored.
High rates of soil metabolism can fuel high rates of net forest primary productivity (P N ), and vice versa. Our data show high rates of carbon and nitrogen mineralization compared with rates measured in other mangrove soils, although this may partly reflect the shallow soil depth (Alongi 2005 , Lovelock 2008 . Using literature values (Clough & Sim 1989 , Clough 1997 of leaf photosynthesis (A) for these species (Stn AWM is excluded as no data are available for Sonneratia spp.) and using the formula P N = A × d × LAI (d is daylength), we estimated rates of net forest primary production to be 13.3, 12.6, and 17.6 g C m -2 d -1 for Stns HBA, HBR, and HBS, respectively. These values are higher than the global average of 12 g C m -2 d -1 (Alongi 2007) . Estimated N demand, calculated by converting these values to nitrogen using whole-tree C:N ratios in Alongi et al. (2003) , equated to 31.1, 20.0, and 29.1 mmol N m -2 d -1 for Stns HBA, HBR, and HBS, respectively. Comparing these values with the ammonification rates (Table 7) and rates of N solute input from the overlying water (Table 5) , sufficient nitrogen was available via microbial N mineralization to meet forest N demand. As noted earlier, there was a clear statistical relationship between soil ammonification rates and rates of mangrove biomass accumulation. This is in agreement with earlier N cycling studies in Australia, Thailand, and Malaysia (Kristensen et al. 2000 , Alongi 2005 showing rapid utilization and turnover of the soil ammonium pool and the dominance of tree uptake on the N cycle.
Impact on dissolution of coral carbonate
Mangroves, by virtue of their metabolic activities, can stimulate soil microbial activity (Alongi 2005) , in turn, fostering carbonate dissolution. Several lines of evidence suggest carbonate dissolution in these Indonesian soils: (1) pH was frequently < 7; (2) solidphase calcium concentrations increased with increasing soil depth; (3) concentrations of porewater H 2 S were high, but concentrations of dissolved iron and manganese were low; and (4) there was significant release of dissolved calcium across the soil-water interface.
The high concentrations of porewater H 2 S, the absence (in most samples) of detectable concentrations of dissolved Fe and Mn, and acidic soil conditions would favor dissolution. With insufficient concentrations of dissolved Fe to precipitate significant amounts of iron sulfide minerals, enough acidity would be generated to dissolve carbonate, as the oxidation of the large amounts of free sulfides produced during sulfate reduction would result in the build up of protons to drive CaCO 3 dissolution (Ogrinc et al. 2003) . This is in addition to carbonic acid generated by aerobic respiration.
Assuming that all of the dissolved calcium flux was derived from dissolution of coral rubble, minimum estimates of carbonate dissolution can be given as 0.4 to 2.5 mmol CaCO 3 m -2 d -1
. These crude estimates equate to 1, 0.6, 1.7, and 3.8% of total soil metabolism (based on the oxygen fluxes). It appears unlikely that carbonate dissolution contributes greatly to carbon flux in these carbonate-rich deposits.
Microbial C mineralization rates and pathways
In marine sediments, CO 2 release equates with total carbon mineralization. Total O 2 consumption also reflects total mineralization as it encompasses aerobic respiration and indirectly represents anaerobic respiration via oxidation of reduced metabolites produced by anaerobes; this, in itself, further assumes complete (or nearly so) oxidation. This is a valid assumption in most estuarine and marine sediments and appears to be true in these deposits; rates of reduced solute release (NH 4 + , Fe, Mn) across the soil-water interface were very low compared with production within the soils. In most wetland soils and coastal sediments, the ratio of O 2 :CO 2 is very close to model Redfield organic matter, which yields a respiration coefficient for complete oxidation of 1.3 (Middelburg et al. 2005) . In these Indonesian deposits, the ratio of O 2 :CO 2 ranged widely from 0.5 to 5.0, suggesting that organic matter mineralized in these soils was probably derived from a variety of sources, in addition to mangrove material. This idea is realistic, as algal matter may be transported from adjacent reefs in the Bay of Lampung and there is a high volume of aquaculture effluent entering the northern end of Hurun Bay. In addition, the rates of CO 2 and O 2 fluxes correlated positively (R 2 = 0.85; p < 0.001). Thus, there was no indication that rates of CO 2 flow were noticeably enhanced by carbonate dissolution.
Some rates of CO 2 flux were low compared with rates of O 2 consumption, but such discrepancies were likely the result of experimental artifacts, especially, a possible lack of steady-state conditions during flux chamber and core incubations. It is also possible that some DIC was lost from the soils via horizontal transport. Subsurface water was often seen running out of the soil bed at low tide. Sulfate reduction accounted for 38 to 186% (mean = 120%) of total carbon mineralization, so it is likely that some CO 2 produced by sulfate reducers was lost. This is supported by the fact that other metabolic pathways likely account for some proportion of total carbon mineralization. For example, although methane release was a minor pathway, there was some evidence of iron and manganese reduction in addition to some probable aerobic respiration in the upper few millimeters of soil. Drainage loss of DIC-rich porewater has been observed in other mangrove ecosystems (Alongi 2001 .
The rates of other processes must similarly be treated with caution as most were derived from flux chamber measurements and core incubations, both of which are unlikely to reflect in situ conditions. For instance, DIC fluxes were measured from dark chambers, which would only represent mineralization, whereas fluxes of NH 4 + and NO 2 -+ NO 3 -were measured from clear chambers, which would represent both autotrophic and heterotrophic conditions. The core incubations may not reflect in situ rates, because, over the incubation times of several days, natural conditions such as tidal inundation and redox conditions were not maintained; further, some elements were likely to be depleted during the end-point incubations.
Rates of methane release are problematic, as emissions across the soil-air interface do not reflect rates of methanogenesis within mangrove deposits; most CH 4 diffusing toward the soil surface may be consumed by prokaryotic methanotrophs. Aerobic oxidation of CH 4 is often enhanced in near-surface soils by clay minerals (Abril et al. 2007 ). Rates of methane release from these forest soils were at the high end of the range of rates obtained in other mangrove forests (Biswas et al. 2007 , Upstill-Goddard et al. 2007 , Kristensen et al. 2008 .
Nitrogen cycling and greenhouse gas emissions
The rates of many of the individual N processes were rapid, fuelling net forest primary productivity as noted earlier for ammonification, compared with rates measured in other forests. The rapid rates of N metabolism resulted in low C:N mineralization ratios (Table 7) . This is partly an artefact of probable transport losses of carbon, but the low C:N ratios do suggest decomposition of high-quality organic matter, such as algae. At all sites we observed macroalgal matter on coral rubble and patchy mats of microalgae on the soil surface. At all 4 sites, rates of dissolved inorganic nutrient flux were nearly always into the soil, implying utilization of tidal water nutrients by surface algae. Also, there was some nitrogen fixation measured in the wet season, and at Stn AWM, some indication that algae and microflora on the Sonneratia pneumatophores were also fixing nitrogen, suggesting that nitrogen fixation was occurring on above-ground structures.
Although there was no release of N 2 O, rates of denitrification ranged from 180 to 5588 µmol N m -2 d -1 (Table 6 ). These denitrification rates are high compared with rates measured in other mangrove forests (Nedwell et al. 1994 , Rivera-Monroy & Twilley 1996 , Kristensen et al. 1998 , 2000 despite high porewater concentrations of H 2 S, which can inhibit denitrifying activity. However, these N 2 losses may include an unknown amount of ammonium oxidation linked to nitrate reduction (Thamdrup & Dalsgaard 2002 ). We did not measure nitrification, but the rapid rates of ammonification -even if the vast bulk of the produced ammonium was taken up by tree roots -indicate sufficient NH 4 + to support transformation and utilization by denitrifying and ammonium-oxidizing bacteria.
Overall, rates of greenhouse gas fluxes were low compared with those in other mangrove and wetland soils (Alongi 2007 , Bianchi 2007 . The molar ratio of C and N gas emissions varied greatly (Fig. 8 ) from 3.1 to 151.4, with an overall mean of 35, comparing favorably with the overall mean C:N ratio in the soils of 38 (Table 2 ). This may be coincidental, but the higher ratios in the wet season (mean = 59.5) compared with low season ratios (mean = 10.5) partly reflect the fact that heavy rainfall may have inhibited N 2 gas emissions, especially in the Hurun Bay forests, where wet season rainfall was particularly intense. A thin film of rainwater at the soil surface would slow diffusive transport of gases and increase the level of anoxia (i.e. increased H 2 S) compared with soils in the dry season. Lower salinity also plays a direct role in slowing rates of denitrification in mangroves (Alongi 2005) .
These gas ratios were much higher than the C:N of mineralization ( Table 7 ), suggesting that despite high rates of microbial mineralization and mangrove production and utilization, environmental factors such as rainfall operate synergistically with natural forest mechanisms to ameliorate emission of nitrogen. The patterns of gas stoichiometry imply that the N debt needs to be offset by nitrogen fixation, especially where the ratios are lowest, such as at Stn AWM (Fig. 8) . The rates of nitrogen fixation in these forests were at the high end of the range of values measured in other mangroves (Lee & Joye 2006) , and, in fact, the highest values we measured were at Stn AWM. Such a balance between sources and sinks conserves nutrients and other elements that may be limiting to these Indonesian mangroves.
The significance of the change from fringing reefs to mangroves along parts of the Indonesian coast may be immense, depending on the areal extent of the problem. In areas where enhanced erosion and subsequent sedimentation in the coastal zone is transforming the coast, there has been a clear shift in water clarity and quality, and in the structure of pelagic and benthic communities from reef-dominated to coastal and estuarine biota (Dr. Sudjiharno, BBL, Lampung, pers. comm.). As we document here, there is a clear change from what was once reef-type biogeochemical cycles to more intense, mangrove-and seagrass-dominated, nutrient cycles and plant growth. 
